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mjéég ,///’ The purpose of this contract is to investigate the

[Eéasibility of a travelling wave device of rotationally symmetric
geometry for propulsiffg The program has been approached both

analytically and experimentally and is described in some detail

below; following which is a discussion of proposed future study
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The purpose of the annular travelling wave propulsion i

/7"37;

channel is/to accelerate a cold plasma from a low inlet véiocity
(for example 10 to 100 meters per second) to an exit velocity
in the range of 15 to 20 thousand meters per seconéﬁ A high
frequency magnetic field transfers energy to the ionized particles.
These ions are rapidly accelerated and experience charge exchange
collisions with the neutral atoms that are present in the medium.
After an encounter between a fast ion and a slow neutral particle,
the high speed ion captures an electron, becomes a fast neutral,
and leavés the tube without further incident. The newly created
slow ion 4s then under the influence of the magnetic field and the
process is repeated,

Although three distinctly different species are present,
ions, slow neutrals. and fast neutrals we first consider a model

which represents the average properties of the plasma. In our

nitial study the following problems are examined:
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1) A theoretical study of a one fluid continuum

travelling wave device.

2) A theoretical study of a multicomponent fluid model

for the same geometry.

3) The electromagnetic boundary valued problem to
determine the necessary ampere turns for the desired
magnetic field.

These are the major theoretical points which will be dis-
cussed in this report:. In addition, several aréas have been given
considerable attention in the experimental phaéé of the project.
Among these were:

1z Design and construction of penetrations into the
vacuum pumping facility into which the device will
operate.

2. Design and construction of a travelling wave tube and

winding; selection of an economical core material for

- the external magnetic circuits and construction of same.

3. Finding and securing a satisfactory multiphase a.c.
machine for powering the device.

- 4. Design and construction of a glow discharge chamber and
appropriate power supply to be used as a possible cold
r plasma source. :
5. Design of probes for diagnostic purposes with regard to

a.c, magnetic flux.

The above experimental work has occupied considerable time
and capital expense but it is felt that it is necessary to verify
the several assumptions involved in the analysis, for example, the

importance of charge exchange phenomena.



;. Theoretical Study of a One Fluid Continuum Travelling Wave Tube

We begin our analysis with the basic magnetohydrodynamic
equations that characterize the flow. It is assumed that the mag-
netic Reynolds number is very small and therefore the flow does not
distort the imposed magnetic field.

Continuity

25+ 2 (ex)= 0 W

Momentum -

o IUN_/F =T
£ (e +u 3%)"(Jx82 S
’
Ohms Law

Ed > - = (3)
\I = o (E + U X Bq)

mass density Kgm/meter3

]

.= plasma velocity in the axial direction meters/sec
= axial coordinate-meters ;

" time-seconds

= current, amperes

= magnetic field-WeberS/meter2

oW oG X Y
i

= electric fieldwvolts/meter
electrical conductivity-mho's/meter

9
0

After combining equation (2) and (3), the two remaining
expressions are non-dimensionalized and show that the variables pf and
u can be separated if one assumes that each of them may be represented

by the series expansion as in reference 1.
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Where: %—= general property (f’or u)

€ = an arbitrary expansion parameter that
will be introduced into the definition of

the T x B force.

The complete development indicates that the coupling between
the magnetic field and the plasma is directly proportional to the
conductivity of the plasma, and the square of the maximum amplitude
of the field, and inversely proportional to the initial momentum
flux. ;

We will now present a detailed solution of the problem and
then discuss the effect of varying some of the aforementioned para-
meters. |

Figure 1 shows the basic geometry and indicates that an
elemental volume of plasma accelerated by the magnetic field, moves
to the right. 1In reality, the volume will follow some helical path
in the annulus; however, for a one~dimensional model the motion
is only agial.

The current J induced in the plasma is a function of the

relative velocity between the plasma and the field. These two

velocities are related by the equation:
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and since the fluid velocity can never equal the field, the relative
velocity vector is always in the negative x direction. When
travelling with the fluid, the plasma only experiences a magnetic

r

field; therefore, Ohms Law is written as

—

It is assumed that the field is a periodic function of the form

BB, ws (B -wd) (6)

o



Where:
A = wavel ength-meters

& = radians/sec.

and /(f = ‘*))\
1)
Combining equations (5) and (6) with (2) the result is

auL 2\ _ _ 2 2 z2wmX
6(;‘{‘”"‘57‘ U‘A/SBDCDS ——-—"-wt]

A (7)

At this point it is appropriate to nondimensionalize equations (1)

and (7) by using the following definitions:

, t = WT
x' = 25X
/
c =¢c, e’ (€6, = mass density at x=0)

The primes indicate the dimensionless quantities, and we

now have
Cont.
/
9(° 9 4 ’ -
W [Qt' HETE ((0 K)]_.O (8)
Mom.
I /
u { Z {
6'[%* “"5’7]:“"“)‘”‘ (<'-t)  (9)
8020* -
and & = T = (interaction parameter).



The solution of these coupled equations is made possible by the
introduction of a parameter &€ in the forcing function of the
momentum relationship. Hence, we let

¢ g '—'6,)
‘ e ?_‘;7‘{_.&) -2C C;(/
cosi(x'-t D=7 +*% (3 % + < ) (10)

which reduces to the actual definition of the gosine squared
as €— 1L

This fact plus the assumed form of thé éolution outlined in
equaticn (4) produces the final structure of the momentum and

continuity equations. For convenience we will omit the prime

- notation.
C—ont. i cny+ K 3 2 Lnt
o . e
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= —o° K= 0 - .
B - o P=0
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As a first approximation we determine b(w(x) and (am €9
In so doing we expand equations (10) and (12) in powers of €
and set each of the coefficients of € equal to zero. After

following the procedure, and uncoupling the equations we find that

75
l/(w— ]+ Exf[{-}-(y]

and . y l c,(PLTZER * )
Ko expt?K 7o
€ =&, = K B +exp Lk x]
00 o0 -
where A4
%) R Sy
’0’5 X =0 - B
and _ e ?U’z _ Ve
K :fo—o‘ qﬂ - ’U'; V=0 4’73

Figure 2 illustrates the degree of coupling between the

magnetic field and the plasma, and in the final analysis

& Bza"/u-' e Bzc’
< _ L = °© ¢ . o - °
2R = - Y4 2> . v

u.)f; ?/o i C Af;o .4 €°Aﬂo

which indicates the coupling is independent of the frequency;
It is desirable to have as large a value of £ as _possible,
The inhitial density must be large enough so that we can measure a

change in its velocity yet low enough to assure the reasonableness
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of the model of charge exchange interaction. The conductivity
will be influenced by the efficiency of a.c. field excitation

to produce ions initially and the plasma source. Figure 3 shows
that the conductivity of xenon rises very rapidly with temperature
change but is relatively insensitive to variations in pressure.

In another section we will discuss the boundarf valued problem
effecting the average value of the magnetic field as a function

of ampere turns.

The Multicomponent Fluid Model

’The multicomponent fluid model is solved in a similar
manner. The basic system of equations is different, however,
to include the effect of charge exchange in both specieSgeneration
and momentum transfer. Three fluids are aséumed in this‘section,
they are:

1) Ion-electron gas designated by subscript i.

2) TFast neutral gas designated by subscript f£.

3) Slow neutral gas designated by subscript s.

The basic equations are given below for the one-dimensional
r

model.

g_t‘fﬁ + - (@rue) = % Continuity  (13)

S wg=o Rebhs Speciesgeneration (14)
R
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where k may be i, £ or s for each of the fluids

Gt Y have the same meaning as before
2 is the generation of the specieSin the model
F is the external force and body force. In additionm,
specieSenergy equations may be used. However, as
a first solution the effects of pressure gradient
are neglected, tranSport coefficients are assumed

constant and hence the energy expressions may be
omitted. )

With the above stated restrictions, the system of equations

to be sotved are:

5 Blpd=e (16)

which assumes the ion-electron population to remain the

same,
36 4 2(Gus) == ids (17)
Lo Zlau) =45 as)

where equation (14) has been involved together with the

assumption in (16).

e,;(-g—.‘é“i'*u-ig—%‘):éé(ui‘ux) +o (Ue ~U; ) B2 (19)

where U, = field velocity

=

e @fﬁ + i%‘.i): -a.'g_ . (20)
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(21)

Before proceeding to the solution, the specieSgeneration
term d% must be given significance. If J§ = collision frequency

between ions and slow neutrals, one has

D= ning ois (Ue- Us) (22)
where n;= number density of ions
NMs= number density of slow neutrals

Cis = charge exchange cross section between ions
and slow neutrals. Since the mass of iomns,
slow neutrals and fast neutrals are essentially the same, m,

d)_s :-pm s - %(’t &(L(;-Us)_ (23)

wherein the loss of slow neutral mass density is equal to the
number of collisions per unit time per unit volume times particle
mass.

Again, the expansion (4) is used to reduce the equations to
solvable form. The first term solution for the various components

of densityrand velocity are

a.s/“ = AX +—%

@/ao = A (24)
ge(E-g)e™

(1-k) &/u
., om MIRL _Lée
Pitos ™ G, A) ™

u"/ao
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where &/4.= dimensionless inlet velocity
R = fraction of inlet gas that is neutral -

A” = -%P’A(l-k) %< where @ is the density of the
incoming fluid, A is the fie.d wave-
length.

J = %FAM f%h) where 2'is the interaction
parameter described after equation (9)

ei :z(%;%n:n)) /J and represents the maximum velocity

which the ions can reach as a fraction

of the field velocity — approaches 1.

The Charge Exchange Model

Some brief analysis of the charge exchange model is required
to indicate its validity as an important consideration in the
analysis. From reference (2) and figure (4) it is notéd that the
charge transfer cross~section decreases to some asymptotic value
as the incident ion energy increases approaching the value given
by Sena in reference (3). Q( cny'l) = 1,88 x 104/ﬁi2 where u,

r
is the ionization potential in the equation in electron volts.
In reference (4) page 7, the elastic effective collision cross-
section is reproduced from a work by Brode in 1933. These two
results are shown in figure 4, for the rare gases and show very
dramatically the effectiveness of charge exchange collisions for

the processes previously described. Due to easier ionizaticn, Xenon

appears to be a logical gas. However, it is hoped to use both Argon

and Xenon as working gases in the experimental program.
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Electromaznetic Boundary Value Problem

Another problem which needed investigation both
snalytically and experimentally was the field form which was
assumed in the solutions toc be a travelling cosine wave. Before
delving into the details of the.solution, let us discuss the
underlying geometry and rational assumptions that effect the problem.

In Figure 5a,

W 7/777770000 0

I ¢

| |- " o — L
R A

. Figure 5a

a = the length of ohe phase winding

b = the distance from the core to the outer shell

[N
it

the location of the centerline of the windings

- ¢ = the centerline of the annular region of plasmé flow

it

My

M= relative.permeability of the core material which for

permeability of free space

analytical purposes will be assumed infinite even though
its value is 1200 at a frequency of 20 k c.

The model is two dimensional with dimension a=z 10b and d&1/7b.
One can assert that no current sheetcan be present at the interface

between the plasma and the magnetic material, because of very low

eddy current losses in the steel. Losses range in the neighborhood
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of 2 watts per pound of core material. From these con-

siderations, the vector potential and associated electromagnatic

boundary conditions are ‘ i

VAz = ~el, §(y-d) (25)
n(B%-Bs)=0 ’ (26)
HX(H.‘,'HO);-:nx(/_%{-%):O

There Im= Maximum value of current
Therefore, we deduce that the tangential component of B at

( X,=0,b

(27)

) is. zero and the normal component is continuous

across these planes.
7

we set Az=0

To complete the definition of our problem

at ( X,=0,& ). The boundary conditions are de-

picted in 5b

&,X’v:] _
/_a_iz_o
oy -
A=05 | L~ Az=© B
b . ¢—- .
— *d
X, =X
g}
’ .
A = Mey.2A: 7
Figure 5b B=VxA - S‘v'jg'v' 5%

where region (1) is o.éy £d and region (2) values of déy.éé
The form of the forcing function in equation (1) implies that
at any instant the current is all wires of any phase have the

same amplitude. We use standard techniques to solve this pro-

blem,
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Employing the Green's Function proceed in the following manner;

1).solvé thé homogeneous equation subject to the boundary

conditions of the'{nhomogeneous equation. We can separate the
varizbles by assuming a solution of the form Az = Xto V)
2) the solution in region one and two must be continuous

at y=d

3) the discontinuity in the first derivative is defined

by

24:0| _ 9Aad)| . ul
oy la” oy ld ”

It is readlly shown that the vector potential in region 2 is

oo 7!'4/
A = 2 #a. s dm cash(zn+!) din(zn+) IX eash(znti) r(b-g)
neo [(Zn-f-l)'ﬂ] Sthb (2n41) ”b a a

therefore,
s - Yoelm oash @nH) 7d/,
Byz ) = ‘Z: (2::’),7; S/ink env+r) n'b/i CGS(Z;;-U)H C‘OJ/;(em/) 7)’(____{()
= 4l Cooh(2ns1)Td/y
By, = Z__: 2"“)7"', Sk Cane NTY, dion (2m)IZ 8in b (an+1) wr( )

If we let a/b= 11  and b/d= 3 and then&ale Bxy to Byj,
figure (6) illustrates the vector potential.

The average value of By for an area of a/2 (b-2d) is
cash (ZH'H) zd Sinh@nit )T (6-2d )

_ g g L, a .
AU qu = *Z( 2 5-241)[(2“'”)”.]3 a. Slh}?(2hfl)”"6
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All that remains is to choose a convenient set of dimensiomns,
introduce the maximum value of linear current density available
aad than calculate the magnitude of the largest radial B field

attainable.

Experimental Program

As.previously mentioned, the experimental work has pro-
ceeded along with the analytical work. The éhannel based on
the one dimensional analysis is being constructed.

The solenoidal winding on the travelling wave tube has
taps for both 3 phase and 4 phase connections. A preliminary
investigation of one of the three phase windings revealed that

a) by capacitively tuning the circuit the maximum load
could be increased by a factor of three.

b) when a core made of soft iron wire was inserted into
the solenoid the inductive‘reactance went up by a factor of
100. |

It is our intention to perform the necessary tests to de-
termine “the optimum balanced circuitry for the final installation
which will contain both a laminated steel core and outer shell.

Considerable effort was expended in location core material

with low eddy current losses and a realtive permeability above
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500 for operation at 20 KC and magnetic field intensities of
several hundred gauss., We chose a2 high Si content shell which
measures 0.004" x 1/2" x 40,0" This appeared to be the best
available material. Presently construction is nearly complete
o the assexmbly of the 5000 laminations required with the appro-
priate spacers to assure a uniform radial stacking for both the

core and the outer shell.

Power Supply

The power supply to be used for this experiment is rated
at 2C iw, with a frequency of 20 KC and an output current of
90 emperes. This has been ordered for several months and de-
livery will be complete with the arrival of the motor starter
nromised about October 1. After this is received and comnections
made, & search of the magnetic field will be made to determine
experimentally the magnetic field intensity in the channel.

For this purpose, a set of search coils have been designed
that are mutually orthogonal and can be moupted on a probe to
measure Ehe strength of the magnetic field in the annular region
of the travelling wave tube. The coils will sense radial and
axial flux, and the induced voltage is read 6n an oscilloscope.
The possibility of having any mutual inductant is removed if
continuity is maintained in only one circuit at a time., Both

ccils can be read accurately to within one gauss.
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Ton Generation and Diagnostics

Previously mentioned in the introduction was a glow
cischerge ionization device and power supply. The theory
for long discharges ws. ©columns electrode size is well
esteblished and may be found in reference 5. However, for
concentric cylindrical electrodes much less is known and for
discharges with long electrodes compared to tﬁe gas discharge
column very little seems to be published. For this reason
some preliminary experimental work is now being conducted to
determine volt ampere characteristics for the above geometrics,
wiich heve définite geometrical advantages for the possible
production of ionized gases for the travelling wave device.

For this experimental work a power supply was needed which -~
was designed and constructed to provide very low ripple d.c.
from 0 to 600 volts and 2 amperes. This experiment is being
rerformed now and sufficient information should be available
for use within two or threeweeks of actual opefation.

in "connection with this éxpériment and for ion concentration
cetermination within the travelling wave tube, Langmuir probes
Zcllowing the design and theory presented by French in reference
& are currently being made.

The above describes the analytical and experimental research

that has proceeded to date. It is intended to continue the analysis
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and experimental verification of the coaxial travelling wave
device in the ensuing months as specified in the originaI—con-
tract. Below is a brief description of a possible future ex-
tension of this work.

1., Ton migration -~ coaxial conical configuration

2. Possible fiecld geometry changes.

3. Continuous Flow Rail Gun

(possible field due to rapid eiectron diffusion)

A Continuone Flow Rail Gun

The usual rail gun operation is affected by producing a
discharge in a gas between two electrodes (rails) by means of
cn applied field. The back strapped electrodes than give rise
zo a 3 field perpendicular to the plane of the electrodes in a
two dimensional model or a meridianal plane in case of a coaxial
modéi. This field coupled to current density J caused by the
Zlow of electrons relative to ions in the plasma between the
clectrcdes give rise to a high magnetic pressure which accelerates
the gas”cut of the tube. New gases introduced and the pulsing
technique repeated, In the continuous model a glow discharge
is considered over the entire length of the discharge tube. A
centinvous flow of gas is introduced and the device is operated
in a steady state conditicn,

The pertine.: equations for one fluid model are:

Continuity J9¢f :
AN (cw,()',< =0 (28)
<



Momentum e 3‘2%‘." + Uy %’7':) = ec‘jk J'J By (29)
where:

P = the density

U; = the ith component of velocity

X, = the spacial coordinate |

t = time |

= generalixed Kroneckerdelta

& Y
- ]} = jth component of current density
B i

= kth component of magnetic field intensity
14
For a one dimensional, steady state condition the equations

reduce to:

(k) ' . \

and

M
-
Q)\(v
xR
f
L"i
9]

- . (31)

The directions ¢f J and B are indicated in Figure 7.

Figure 7

Cocaxical Continuous Flow Rail Gun




co equations (30) and (31), the Maxwell
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JT= oCE+vuxB] , (33)

Tvom the first of equations (32) T =- d8 . (32a)
dx .

4

If this is inserted into (31)

8 (34)

From (30) pw = a constant =p,W,
which substituted into (34) gives
(50“0 g‘z.% +J—£%{—(—§—2) =0
or ' (At & +;f_.§gz= A +:‘£ %z' (35)
Since B (the magnetic field intensity) at X=e is the
largest in the tube and U, is assumed- very low, the large part
of the right hand side of (35) is probably contained in the

second term., Furthermcre B —» ©O at the end of the

channel, thus

2
/ B,

P m—
P~

% (An appropriate maximum velocity) A Uo 2
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ETquation (35) is the expression for U or B in terms of the
other. Ccrbining equations (33) and (32a) for the steady

state gives:

4 _C/_E = O‘[E"‘ LCB]

o dx
(36)

Insertion of W from (35) gives:
L [ B B?
228 - ol {gn (£°-£) vafel
7

(37)

Since Z is the applied field -~ assumed constant for this example
say E = E,

L d8 _ 2B | g Bl ok,

— ——

Aodx guplle  Zugue
(38)

This is Abel's differential equation for which solutionms
can be found readily.

In addition to the extension listed on Page 25 of the
travelling wave device, we should like to consider the above
zodel in a future project; to consider a multicomponent fluid
r.odel; charge exchznge effects and possible E variation via

cegmented electrodes. There is also the effect of the rapid



diffusion of electrons out of the tube in this nonequilibrian
plasme mocel which sre not accounted for sbove and which effect

could be considerable, possibly even in excess of the magnetic
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